T he development of reproducible colloidal synthesis methods for quantum dots (QDs) 1À4 and their commercial availability from a number of sources have opened up possibilities for their use in many electronic and photonic applications. Arguably, the most developed application for QDs based on CdSe and CdTe is their use as fluorescent tags for biomolecules.
5À10
Despite their promise for photonics applications, the optical properties of QDs are characterized by complicated photophysics including irreproducible and unpredictable quantum yields, intermittent on/off switching of the fluorescence emission (blinking), non-exponential fluorescence lifetime decays, and the existence of a dark fraction within QD samples, leading to challenges in extracting quantitative information based on QD emission. While intrinsic exciton dynamics of QDs are generally understood, 11, 12 the influence of extrinsic factors, such as the solution environment, is less so due to a lack of understanding at the microscopic level of the physical and chemical basis for the observations. The quantum yield of a single CdSe QD has been shown to be significantly different from the ensemble quantum yield, 13, 14 and the difference has been attributed largely to the presence of a dark fraction of nonemitting nanoparticles in the sample. 13, 15 This dark fraction has been shown to be highly dependent on sample quality and experimental conditions, such as pH. 14, 16, 17 Nonradiative relaxation pathways may be enhanced by the presence of energetically deep or shallow surface trap states. 18, 19 Shallow trap emission is generally energetically indistinguishable from band edge emission but has a longer fluorescence lifetime. 20, 21 Therefore, fluorescence lifetime curves monitored at the band edge are generally multiexponential due to the contribution from these surface states.
Deep traps are much lower in energy (redshifted by more than 100 nm), energetically broad, weak in intensity, and have lifetimes at least an order of magnitude longer than the tens of nanoseconds characteristic of shallow trap emission. 22, 23 Systematic studies of the fluorescence lifetimes of QDs under various conditions offer valuable insight into the effects of these variables on the range of photophysical processes that characterize these nanoparticles. 18, 24 Modification of a number of external environmental factors that influence the optical properties of QDs, such as the addition of electron donors and/or acceptors to the solution, has been shown to affect fluorescence quenching, 17 ,25À28 blinking, 17,29À31 dark fraction, 17 and fluorescence lifetime. 31, 32 Recent reports have shown that environmental factors can affect both the radiative and nonradiative rates simultaneously and unpredictably, 31 which further complicates the interpretation. Additionally, the shell thickness and chemical composition of coreÀshell QDs have been shown to be important parameters that affect the optical properties.
33À36
Connecting the observed single particle optical properties of QDs to the macroscopic optical response of a quantum dot ensemble, under a variety of conditions, is necessary for improving our understanding of the physical basis of the observed macroscopic properties. It is important to consider the wide range of variables that affect optical properties when comparing data from various samples and to control these variations by performing all measurements on the same sample of QDs. In this study, we systematically probe various fluorescence properties of CdSeÀZnS coreÀshell QDs with both single particle and ensemble level measurements as a function of solution pH in the range between 6 and 9. We chose to perform a pHdependent study since the effects of pH on the ensemble fluorescence properties for a number of QD preparations have been reported by different groups, 37À42 and recent applications of QDs as pH sensors have been proposed. 43, 44 Moreover, pH is a key parameter in biological studies and varies in different subcellular compartments. For quantitative fluorescence microscopy applications, the concentration of QDs (and therefore QD-labeled biomolecules) in cells is often estimated using their fluorescence intensity and ensemble quantum yield. However, a change in the dark fraction, blinking, and quantum yield (resulting from changes in radiative and nonradiative rates) can result in the erroneous determination of concentrationÀ intensity relationships, which in turn limits the quantitative conclusions drawn from such studies. There have been recent reports of using pH-induced fluorescence intensity changes of QDs to monitor biological systems at the subcellular level. 45, 46 Such studies highlight the need to thoroughly understand the physical and chemical basis for the pH effects on QD optical properties. Using CdSeÀZnS coreÀshell QDs, we found that pH strongly and irreversibly affects both the intensity and fluorescence lifetime at the QD ensemble level, which vary as a function of time of exposure to the different pH solutions. By relating the pH dependence of the ensemble fluorescence intensity and lifetime to that of the single particle fluorescence lifetime, blinking, and dark fraction formation for the same QD samples, 17 we propose a mechanistic model of how both chemical and physical processes are affected by pH and influence the observed optical properties.
RESULTS
pH Irreversibly Affects the Ensemble Fluorescence Intensity but Not the Emission Spectrum. Figure 1a shows the fluorescence emission spectra of QDs in solutions with pH values ranging from 6 to 9, while Figure 1b shows the same data, normalized, to highlight the fact that, while the fluorescence intensity decreased as the pH was lowered, there was no shift in the emission peak wavelength over this pH range, highlighting that the effects are not due to changes in QD size.
As the QDs were exposed to the pH-adjusted salt solutions, the fluorescence intensity decreased as a function of time. Figure 2a shows the relative decrease in the mean intensity of the emission peak, normalized at t = 0, measured as a function of time of exposure of the QD ensemble to PBS solutions of different pH. The fluorescence emission decayed faster as the pH decreased. After about 30 min, a plateau was reached, with the fluorescence reduced by 34% of its initial value at pH 9 and by 88% at pH 6. We determined that the salt ions present in the PBS solutions did not act as fluorescence quenching agents by measuring the fluorescence as a function of potassium phosphate and sodium chloride concentrations and did not observe any change in the emission intensity on these time scales (Supporting Information). We also determined that the absorption spectrum of the QDs in pH 6 solution was the same at t = 0 and t = 6000 s to ensure that no changes in the QD size occurred as a function of exposure time (Supporting Information). 
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To investigate whether dissolved oxygen was involved in the fluorescence decay, we bubbled N 2 through the PBS solution in a sealed cuvette for 2 h to remove dissolved oxygen prior to introducing the QDs. Figure 2b compares the intensity decay with and without oxygen removal. In the pH 6 solution, the fluorescence intensity decays by only 25% over a period of 100 min, whereas it decayed by 88% with oxygen present, showing that oxygen plays a significant role in the pH-induced reduction of QD photostability. Sark et al. have previously shown that photooxidation of QDs in air leads to QD photobleaching. 47, 48 However, in contrast to their observations, we do not observe a concomitant blue shift in the emission peak, suggesting that the core itself is unaffected by the pH and oxygen in solution. We also performed these pH stability experiments with QDs from another commercial source (Evident, Troy, NY) and found a similar trend. The exact time scale and extent of the decay varied, but the pH dependence was consistent, suggesting that the sample quality affects how quickly the fluorescence decays, but that it decays more rapidly for low pH solutions in the presence of oxygen. In general, chemical changes in the QD shell or at the coreÀshell interface could affect radiative and nonradiative recombination rates of photoinduced excitons without changing the emission energy.
pH Only Affects the Longest Fluorescence Lifetime Component of the QDs. Time-resolved information on exciton dynamics can be obtained from fluorescence lifetime measurements. Figure 3a shows a representative fluorescence decay curve for an ensemble of QDs together with multiexponential best fit curve from eq 7 and the resulting residuals. The multiexponential best fit curve is obtained by a publically available algorithm 49 based on a procedure described by Enderlein et al. 50 It is based on a maximum likelihood estimation (MLE) to determine the most probable lifetime components in the decay that have nonzero amplitude, described in more detail in the Experimental Section. The corresponding histogram of the recovered decay time and the number of photons detected from that process (weights) of a single decay curve is plotted in Figure 3b . This analysis was repeated for the decay curves at each pH, and for each of these curves, four distinct lifetimes were recovered and tabulated in Table 1 . For the pH values sampled here, components τ 2 = 9 ( 2 ns and τ 3 = 18 ( 3 ns account for nearly 80% of the measured decay. The τ 1 = 3 ( 1 ns ARTICLE lifetime component is small in amplitude but remained constant within the fitting error, while τ 4 increased systematically when the pH was lowered.
Since the fluorescence intensity of the QDs decreased with time of exposure to the different pH solutions (Figure 2 ), we also determined how the fluorescence lifetime changes with time of exposure. Figure 2 indicates that most of the decay in emission signal occurred during the first 30 min of QD exposure to the pH-adjusted salt solutions; therefore, we measured the time-resolved decay kinetics every 60 s for 30 min at each pH value. As expected, each consecutive measurement in the time series exhibited a decrease in the total number of photon counts consistent with the ensemble results. Figure 4a shows that, for pH 9, only the slowest component τ 4 changes, increasing from 42.8 ( 6.2 ns, during the first 10 min, to 118.7 ( 23.9 ns in the last 10 min. At pH 6 (Figure 4b ), τ 4 was initially measured to be 159 ( 7 ns during the first 10 min and slowly rose to 172 ( 10 ns in the last 10 min. The other three lifetime components were constant as a function of exposure time to all pH salt solutions and thus appeared to be pH-insensitive. Also, the amplitudes did not vary systematically with time of exposure but did show scatter (Figure 4c,d ).
Comparing the pH Dependence at the Ensemble Level and the Single Particle Level. Due to the differences in ensemble versus single molecule experimental detection, the photon flux of the excitation source needed to observe QDs at the single particle level is necessarily much higher than that used to observe ensemble QD signals. It is important to be wary of these differences when comparing results between ensemble and single QD experiments. However, provided the excitation conditions are held constant for all samples at each pH within a given experiment, the differences in pH dependence at the single particle and ensemble level should allow us to draw conclusions as to the molecular mechanism(s) that account(s) for the effect of H þ ions in solution on the photophysical properties of the QDs.
Comparing pH Dependence of Fluorescence Intensity. Figure 5a shows images of resolved single QDs for different pH samples from which we extracted the pH dependence of the relative fraction of emitting QDs in a sample ("bright" fraction), the average fraction of emitting QDs that are "on" per 50 ms frame ("on" fraction), and the relative "on" intensity (single QD "brightness") ( Figure 5b ). The methods for extracting these parameters are described in detail in the Experimental Section. The pH dependence of the ensemble fluorescence intensity calculated from Figure 1a is also plotted in Figure 5b . The ensemble fluorescence intensity must be related to the single QD properties (dark fraction, blinking, and particle brightness), but the different pH dependencies of each property show that this relationship is not trivial. Between pH 9 and 8, the decrease in ensemble fluorescence intermittency coincides well with the decreasing "on" fraction of QDs, whereas the decrease in the "bright" fraction is much less pronounced. This suggests that increased blinking is primarily responsible for the decrease in the ensemble fluorescence intensity between pH 9 and 8. Our previous study on the blinking dynamics showed that the probability of observing long "on" times decreases and the probability of observing long "off" times increases between pH 9 to 6. 17 Once the pH was lowered below 8, both the "bright" fraction and the "on" fraction decreased more rapidly than the ensemble fluorescence intensity. These trends highlight the complexity of relating the single particle optical properties to the ensemble optical properties under ARTICLE different pH conditions. If both the "bright" fraction and the "on" fraction decrease more rapidly than the ensemble fluorescence intensity, there must be photons that contribute to the ensemble intensity measurements that are, as yet, unaccounted for in the single particle parameters. We did attempt to lower the pH below 6, but were unable to observe any QDs at the single QD level below this pH value. We have previously found that the effect of decreasing pH on both single QD intensity and blinking was irreversible, 17 just as we observe the same pH effect on the ensemble fluorescence to be irreversible. One of the main points of this study is to determine the physical origin of these effects by measuring the changes in the fluorescence intensity and fluorescence lifetime at both the ensemble and single QD level.
Comparing pH Dependence of Fluorescence Lifetime. To connect the pH effects on the ensemble fluorescence lifetime to the single QD level, we also measured the fluorescence lifetimes of single QDs. An example of a single QD decay at pH 6 is shown in Figure 6a . Lifetime histograms obtained from single QDs are fit using the same algorithm used for the ensemble data, recovering amplitudes for a set of fixed lifetimes. While the data are a little noisier for single QDs than for the ensemble data, the signal-to-noise ratio is still high enough to recover distinct lifetimes from a single QD (Figure 6a,b) . Figure 6c ,d shows scatter plots of the recovered amplitudes and lifetimes for pH 9 and 6 for ∼200 single QDs. Each data point represents the recovered amplitude and lifetime for each component for a single QD. All QDs showed at least two lifetime components, but most showed three components. Only a small number showed all four components that were observed in the ensemble lifetime decay (Figure 3) . The important observations here are that (1) there is a wide range of lifetime components and amplitudes obtained for single QDs, suggesting broad heterogeneity at the single QD level (which appeared to be averaged out at the ensemble level); (2) QDs primarily show three lifetime components at the single QD level but show four at the ensemble level; and (3) the contribution from longer lifetime components is slightly less at pH 9 than at pH 6, in contrast to the results obtained at the ensemble level.
DISCUSSION
A comprehensive model that connects and rationalizes the single molecule and ensemble optical properties of QDs has yet to be fully elucidated. A central aim of this study is to bridge this gap by observing how several distinct but physically connected optical properties are affected by changes in solution pH. In particular, the effects of pH on the measured fluorescence intensity and lifetime, together with our previous report on blinking, 17 at both the ensemble and single QD level highlight that the single QD properties contribute to the ensemble properties in a nontrivial manner.
Comparison of the pH Effect on Blinking, Dark Fraction, and Ensemble Intensity. We previously analyzed in detail the Figure 5 . (a) Example single QD images from which the relative "bright" fraction, relative "on" fraction, and relative "on" intensity are extracted. The traces under each image show an example fluorescence trajectory of a single QD at the pH indicated. From ∼200 of these traces, the average "On Fraction" and the average "On Intensity" is extracted, as described in the Experimental Section. (b) Comparison of the effect of pH between the ensemble and single particle fluorescence observations. Blue square symbols are the ensemble fluorescence intensity measured as the area under the fluorescence spectra of Figure 1 . Green triangle symbols show the "bright fraction" of QDs in the sample, measured as the relative fraction of single QDs showing emission at some point during the whole movie. Red diamond symbols quantify the number of QDs that are "On" for a 50 ms frame, averaged over all frames (average "On Fraction"). Magenta circle symbols show the relative average "On Intensity". The data are all normalized to the QDs measured in pH 9 solution for easy comparison. ARTICLE effect of pH on the blinking statistics and the formation of the dark fraction. 17 In this study, we extend the analysis to attempt to quantify the relationship of these properties to the ensemble fluorescence intensity. Figure 5 showed that the ensemble fluorescence intensity, the number of emitting ("bright") QDs and the average "on" fraction (the fraction of emitting QDs that are "on" at a given time) decreased rapidly, nonlinearly, and nonconcomitantly with decreasing pH of the solution. These results highlight the fact that the ensemble quantum yield of QDs is not solely determined by the bright to dark fraction ratio 13, 15 but is much more complicated. A detailed comparison of the pH dependence on these properties leads to an interesting quandary. Between pH 9 and 8, the ensemble fluorescence intensity decreased concomitantly with the decrease in the average "on" fraction as a result of the pH influence on blinking statistics. 17 However, below pH 8, both the "bright" fraction and the "on" fraction decrease much more rapidly than the ensemble fluorescence intensity. Our previous report had observed that the brightness of the "on" state decreases between pH 9 and 6. 17 If the "bright fraction", the "on fraction", and the "on brightness", all decrease more quickly than the ensemble fluorescence intensity, and this leads to the conclusion that there are photons that are, as yet, unaccounted for in the single particle parameters that contribute to the ensemble fluorescence.
Before we attempt to account for these photons, it will be useful to postulate the microscopic origins of the irreversible decrease in the fluorescence and then relate them to the decrease in the "bright" and "on" fractions, as well as the fluorescence lifetime decays.
Possible Origins of the Irreversible Decrease in QD Ensemble Fluorescence with Decreasing pH. The effect of pH on the fluorescence intensity and dark fraction was found to be irreversible. For example, immersing QDs in pH 9 solution after being exposed to pH 6 did not recover the fluorescence. An irreversible decrease in the ensemble fluorescence intensity of CdTeÀZnS coreÀ shell QDs with decreasing pH was previously reported, 41 although the exact dependence was different than those reported here and was accompanied by a spectral red shift. Another report on CdSeÀZnS coreÀshell QDs reported an oxygen-dependent decrease in the ensemble fluorescence, but it was accompanied by a spectral blue shift. 47 and S 2À has a ΔG = þ139.4 kJ mol À1 . 52 However, in the presence of acid and oxygen, the reaction
has a ΔG = À81 kJ mol À1 , 52,53 and a relatively low activation energy, E a = 25 kJ mol À1 , 54 highlighting that the reaction is diffusion-controlled and thus would be highly dependent on pH and O 2 . We postulate that the ZnS shell may be exposed to slow decomposition, possibly exposing the CdSe core in regions where the shell is particularly thin. Several factors can be expected to limit this decomposition process: (1) the low solubility of O 2 in water, (2) the poor solubility of elemental sulfur in water; (3) the fact that [H þ ] is limited at pH 6 (note: we did lower the pH below 6 but were unable to observe any single QD fluorescence). Another interesting potential limitation to the decomposition may arise from (4) the formation of a chemically benign layer at the shell outer surface. Recent studies 55 on the oxidation of FeS in oxygen-bearing acidic solutions proposed a mechanism by which oxidative dissolution of FeS starts by proton binding and attack to the surface-bound S
2À
. We will subsequently refer to surface-bound S 2À as >S 2À , highlighting the fact that the S atom remains bound to the surface of the nanocrystal. A similar mechanism may arise in the ZnS shell to form surface >SH 2 sites, which could then transform into >S m 2À by reaction with O 2 and release of Zn 2þ . We then propose that the polysulfide groups form a poorly ordered sulfur-rich layer (SRL), inhibiting further Zn 2þ dissolution as follows:
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The formation of >S m 2À (SRL) is a self-inhibiting process due to the fact that, once formed, it would block access of O 2 and H þ to react with more ZnS. This would lead to a saturation point in the extent of reaction. Figure 3 is consistent with this saturation effect since it exhibits a leveling off of the fluorescence intensity with time of exposure to the pH-adjusted salt solution, dependent on both pH and O 2 , providing support for one of the reaction limitations described above. The limitation is also consistent with the fact that we saw no changes in the fluorescence peak position as a function of pH, thus restricting the reactions to the shell but not penetrating to the core. ) but is very slow and may eventually dissolve in water to form bisulfite and sulfite by
Thus, over extended periods of time, sections of the shell can decompose in the presence of acid and oxygen, but it is unlikely that much SO 2 will be released under these experimental conditions. Furthermore, the rates of all these reactions will be accelerated under illumination. In accordance with the electron-active photooxidation model, 56, 57 excitonic wave functions that tunnel into the thin areas of the ZnS shell catalyze the dissociation of molecular oxygen into oxygen radicals. This is in agreement with our observations since the effect of pH on single QD intensity values was more pronounced when the QDs were exposed to laser illumination. For example, during the time it took to collect one single QD image sequence at pH 6 (∼5 min), almost all initially emitting dots on the glass surface became dark; however, switching to a new nonirradiated observation area on the sample after the initial 5 min acquisition revealed that many of the QDs in the new region were still capable of emitting. Similar experiments on different batches of commercial CdSeÀZnS coreÀshell QDs from different sources showed the same trend with pH as shown in Figure 3 , but the time scales and extents of the fluorescence intensity decay varied from batch to batch (results not shown). These observations suggest that differences in the shell quality from different batches play a role in the variations observed in the pH dependence of the QD emission. Our previous studies led us to hypothesize that there was an intrinsic connection between the blinking mechanism and the mechanism of dark fraction formation. 17 We interpreted the pH effect on blinking as the H þ ions interacting with the shell surface to facilitate the trapping of charge carriers, which has been associated with the "off" state. 33 ,58À61 Wang has calculated the effect of external charges on the optical properties of QDs. 62 In addition to the electrostatic effect of the H þ ions, the fact that the reduction in fluorescence intensity of the QDs was irreversible after the pH was lowered leads us to the conclusion that the chemical reactions described above would lead to a permanent change in the trap states that affects the blinking, fluorescence intensity, and dark fraction. Trap state formation also affects fluorescence lifetimes. In a recent study by Jones et al., the authors used Marcus theory to show the presence of two types of trap states: one localized on the outermost ZnS surface and another trap state nearer to the CdSe core at the coreÀshell interface. 18 We will refer to them here as "shell traps" and "interface traps", respectively. While their experiments were carried out in organic solvents, and our experiments were carried out in aqueous solutions, the data of Figure 4 show remarkably similar lifetime components to the Jones et al. study (without a priori assuming the number of exponentials in the decays); τ 2 is consistent with the intrinsic decay time of the delocalized exciton observed by Jones et al., and τ 3 is consistent with the lifetime that was assigned to interface traps. 18 The fastest lifetime component is small in amplitude for the ensemble experiments but larger in amplitude for the experiments on single QDs. The single QD experiments are conducted under much higher photon flux than the ensemble experiments, which leads us to suspect that the fast lifetime component is due to trion or multiexciton decay, which has ARTICLE been shown to be approximately 1À2 ns or faster, depending on the conditions. 63, 64 The fact that this fast component appears to be power-dependent and not pH-dependent supports this assignment. The longest lifetime component, τ 4 , was the only one found to be pH-dependent. At pH 9, τ 4 was ∼80 and ∼160 ns at pH 6 (Figure 3c ). In pH 9 solution, τ 4 gradually increased over time from 42.8 ( 6.2 ns during the first 10 min to 118.7 ( 23.9 ns in the last 10 min (Figure 4a,b) . When the QDs were immersed in pH 6 solution, τ 4 was initially measured to be ∼159 ( 7 ns during the first 10 min and slowly rose to ∼172 ( 10 ns in the last 10 min. In pH 6 solution, there is a difference in the time dependence of the intensity change (Figure 2 ) and the time dependence of the τ 4 lifetime component change (Figure 4) . The lifetime component τ 4 changes significantly faster than the intensity changes. We hypothesize this difference to be the result of the initial environmental change of H þ ions surrounding the QD, affecting τ 4 but not significantly reducing the fluorescence intensity. As time proceeds, the chemical reactions described above introduce permanent changes in the shell surface that causes the QDs to first increase their blinking and then form a dark fraction, with only small additional changes in the τ 4 component (which had already changed significantly due to the presence of H þ ions). In contrast, at pH 9, the immediate environmental effect of the H þ ions is negligible. The low concentration of H þ ions in solution with the presence of O 2 will cause the chemical reactions at the shell surface to be much slower, eventually introducing trap states that affect blinking, dark fraction formation, and τ 4 over longer periods of time. Future experiments will further probe the effect of O 2 on the fluorescence lifetime components at both the ensemble and single QD level. Extra Photons Detected in the Ensemble Fluorescence Intensity. Strikingly, single QD lifetime measurements do not show a significant τ 4 component. Figure 6 shows the analysis of ∼200 single QDs at pH 9 and 6, for which only a small fraction showed a τ 4 component. Most single QDs recovered two or three components. The τ 1 and τ 2 components are the same at pH 6 and 9, with only minor differences observed in the long time scale components. This effectively shows that, at the single QD level, the average fluorescence lifetime of QDs at pH 6 is shorter than at pH 9, while at the ensemble level, the average fluorescence lifetime of QD at pH 6 is longer than at pH 9. From this difference, we conclude that the long lifetime component present in the ensemble data, which increases at lower pH, originates from QDs not observed in single QD experiments. This implies that the dark fraction of QDs is emitting photons with a long lifetime component, but that the number of photons emitted is too low for detection above the background in the single QD measurements. In typical single molecule experiments, a threshold is set that determines if a QD is bright or dark (and therefore observed) taking into account the signal-to-noise ratio of the experimental setup. However, ensembleaveraged data have no such threshold and can therefore integrate contributions from dim QDs, that is, still emitting but categorized as "off" (dark) in single QD experiments. This model is summarized in Figure 7 , highlighting that the formation of trap states first leads to increased blinking and then to a "dark" fraction that cannot be observed in single QD measurements but still emits photons which contribute to the integrated ensemble signal.
This interpretation provides an explanation for the lack of observation of the long lifetime component in many QDs at low pH in the single molecule data, whereas it is observed at the ensemble level. The observation of the few QDs with a τ 4 component may be attributed to those with significant "off" periods in their blinking dynamics, connected with our earlier hypothesis of the dark fraction formation resulting from the same mechanism as the "off" state during blinking. 17 Rosen et al. 61 and the Bawendi group 65 have recently brought into question the long-standing assumption that the "off" state is the result of Auger recombination, and other recent reports have observed that the "off" state does in fact emit photons. 66, 67 Rosen et al. 61 further found that the lifetime of the "off" state is multiexponential. By monitoring the power dependence of the "off" state lifetime, they concluded that the "off" state lives longer than the exciton radiative lifetime. The pH-dependent long lifetime component that we observed here supports their interpretation, further showing that this long lifetime component is affected by the environment. If the "off" state occurs due to long time scale trapping at the shell surface traps, it can be expected to be pH-dependent. At first, it may seem counterintuitive that a lower quantum yield state leads to a longer fluorescence lifetime, τ fl , since it is expected that increasing the nonradiative decay rate (k NR ) should reduce the fluorescence lifetime by the relationship ARTICLE which usually assumes that the radiative decay rate, k R , is constant. However, it has been observed that the external environment can also significantly alter k R . 31 This may be understood as trapping of one of the charge carriers at the shell surface which reduces the overlap integral of the electron and hole wave functions, thus decreasing the radiative rate for that process (component). If the decrease in k R is larger than the increase in the k NR , then τ fl would increase for that component. It should be noted that, in addition to excitation power, the excitation wavelength has been shown to affect blinking 68, 69 and fluorescence lifetime. 12 Our excitation energies are high above the band gap of the QDs. By using an excitation laser source closer in energy to the band gap, it may be possible to reduce the contribution of the trap state emission, thereby reducing the pH dependence. Unfortunately, at the present time, we are unable to examine this effect due to limitations in the availability of such lasers in our lab. Differences in the blinking and quantum yield measured for QDs in solution and immobilized on a surface may also be affected by an applied electric field on the order of tens to hundreds of millivolts. 70 Possible fluctuating electric fields due to charge dynamics in immobilized QDs may also be involved but would be difficult to quantify. However, in order to significantly affect the dynamics, these fluctuating fields would need to be quite strong.
Finally, it should be noted that TEM for these 17 and other 51 QDs show that coreÀshell samples are not always spherical. Example TEM images of these QDs are given in the Supporting Information, highlighting their nonspherical shape. In thin regions of the shell, interface trap states and shell-surface trap states may begin to overlap. This overlap could explain our observed strong pH dependence on blinking, dark fraction, and fluorescence lifetime, which may not be as prevalent for QDs with thick isotropic shells, which have shown reduced blinking. 34, 35 CONCLUSION By comparing the ensemble fluorescence intensity to the average "on" and "bright" fractions from single particle measurements, we identified the presence of photons detected at the ensemble level that are not observed at the single QD level. Fluorescence lifetime analysis shows multiexponential behavior but with a different pH dependence at the ensemble level as compared to the single QD level. We have uncovered two effects of pH: a physical effect of charges surrounding the QD and an irreversible chemical effect from reaction of the H þ and O 2 with the QD surface. We have hypothesized chemical reactions that can occur at the shell surface and result in the formation of charge carrier trap states. Finally, we have connected these trap states to the blinking, dark fraction, and fluorescence lifetime components and show evidence that the dark fraction emits photons with long lifetime but low quantum efficiency. This paper highlights the point that the ensemble quantum yield cannot be estimated just by observing the dark fraction but must also include analysis of blinking, multiexponential fluorescence lifetime, and single particle brightness. In order to understand the microscopic basis for the observed fluorescence properties, it is important to monitor the interplay between these properties at both the single QD and ensemble level. These results will have important implications for QD-based fluorescence lifetime imaging (FLIM), which has been shown to be particularly promising for QDs due to their relatively long fluorescence lifetimes, as well as for proper quantitative interpretation of fluorescence microscopy studies that employ QD-tagged biomolecules in cells.
EXPERIMENTAL SECTION
Samples and Instrumentation. Samples of CdSe/ZnS QDs were purchased from Invitrogen Canada Inc. (Burlington, ON) . We used CdSe/ZnS quantum dots (QD605-streptavidin) that were coated in a poly(acrylic acid)-based amphiphilic polymer and subsequently functionalized with streptavidin, having their emission wavelength centered at 605 nm. To prepare pHadjusted salt solutions with values ranging from 9 to 6, dilute HCl or NaOH was added to dissolved PBS preparations (Fisher Scientific, Pittsburgh, PA) with fixed concentrations of NaCl (150 mM) and Na 3 PO 4 (20 mM).
Samples for ensemble emission experiments were prepared by diluting the QD stock solution (2 μM) ∼10 3 -fold in pHadjusted PBS solutions and placed in cuvettes immediately prior to data collection. Fluorescence emission spectra and intensity decays were measured on a Thermo Spectronic spectrofluorometer, Aminco-Bowman series 2 (Rochester, NY, USA). Emission spectra were collected with 1 nm spectral resolution in the range of 550À700 nm. Intensity decays were measured by sampling the emission intensity at 605 nm every 1 s for 6000 s. The nanosecond fluorescence lifetime histograms were measured using the time-correlated single photon counting (TCSPC) method. As a pulsed excitation source, we used a PDL 800B diodepumped solid-state (DPSS) laser (Picoquant, Berlin, Germany) with emission wavelength at 407 nm, pulse width 70 ps, operating at a repetition rate of 2.5 MHz. Data were acquired on a TCSPC acquisition card (TimeHarp 200, PicoQuant) to record decay kinetics in 2900 channels with 144 ps per channel.
Samples for single QD experiments were prepared by attachment of QDs to a glass surface as previously described. 17 Briefly, microscope coverslips (Fisher Scientific, No. 1) were first cleaned in Piranha solution (3:1 concentrated sulfuric acid/30% hydrogen peroxide) and then amino-functionalized with 3-aminopropyltriethoxylsilane (Pierce, Rockford, IL). Next, the amino groups were modified with a 10 mM aqueous Sulfo-LC-SPDP solution (Pierce, Rockford, IL) and exposed to reduced biotinylated BSA (Pierce, Rockford, IL) to form covalent bonds with the protein. The QD605-streptavidin stock solution (2 μM) was diluted by a factor of 10 6 in MilliQ water (>18 MΩ 3 cm
À1
) and sonicated for 15 min prior to deposition on biotinylated glass.
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For imaging experiments, PBS salt solutions of a given pH were added directly to the glass-immobilized QDs and the samples imaged immediately afterward. Since the pH effect was found to be irreversible, each pH experiment used a new sample preparation. At least three preparations at each pH were used to reduce sampling errors.
For single QD fluorescence intensity measurements, images of spatially resolved individual streptavidin-QDs deposited on a BSA-biotin-coated glass surface were recorded on a home-built objective-type total internal reflection fluorescence microscope (TIRFM) equipped with an intensified PentaMax charge-coupled device (CCD) camera (Princeton Instruments, Trenton, NJ) as previously described. 17 The 488 nm line from an Ar þ laser (Melles Griot 35 LAP 431) was used for evanescent wave sample boundary excitation through a Zeiss Planapo 100Â, 1.45 NA objective lens. Fluorescence from the sample was collected with the same objective and filtered with an emission filter D605/ 55 nm (Chroma Technology, Rockingham, VT). Image time series containing 2000 frames were collected with 50 ms frame time resolution.
For single QD lifetime measurements, images of spatially resolved individual streptavidin-QDs deposited on a BSA-biotincoated glass surface were recorded using a scanning confocal fluorescence lifetime imaging microscope (MicroTime 200, Picoquant) consisting of a pulsed 485 nm DPSS laser (LDH-D-C-485), pulse width 70 ps, operating at a repetition rate of 5 MHz and data acquired by a TCSPC card (PicoHarp 300) in 4096 channels with 128 ps per channel to ensure complete decay in between pulses.
Data Analysis. Analysis of the fluorescence intensity from spatially resolved QDs was performed in ImageJ as previously described. 17, 33, 71 To determine the average QD "on" intensity, the intensity for each resolved QD was recorded for each frame over a total of 2000 frame time series to obtain intensityÀtime trajectories for each QD. Each time point below the "on"À"off" threshold was discarded, then the average intensity (and standard deviation) of the remaining time points determined. This analysis provided the average "on" intensity of a single QD independent of its blinking statistics, provided the QD was on for at least one frame. In order to measure the "dark fraction", each QD that had at least one frame with an intensity value over the "on"À"off" threshold value was counted as a "bright" quantum dot. This was compared to the "bright" fraction at pH 9, and the difference was assigned as the (relative) "dark" fraction. The average "on" fraction was determined by finding the number of QDs that were "on" in a given frame and dividing it by the "bright" fraction, repeated over all frames. From these data, the average value and standard deviation of the average "on" fraction were computed.
Processing of fluorescence lifetime data was done using a publically available Matlab routine 49 developed by Enderlein. 50 The algorithm is capable of fitting and performing numerical reconvolution to account for the finite instrument response function. The algorithm is particularly well suited to fitting multiexponential decay curves of the form of eq 7 by avoiding the pitfall of simultaneously fitting the amplitudes and decay times using leastsquares fitting of a predetermined number of exponents.
where τ i and a i are, respectively, the decay times and the corresponding number of photons that come from process i in the multiexponential decay model. The amplitudes and lifetimes of each component have a high dependence on each other and are highly sensitive to the initial parameter guesses using a typical MarquardtÀLevenberg least-squares fitting minimization. 50 This pitfall is avoided by assigning fixed values of a large number of lifetime components and performing a maximum likelihood estimation of the amplitude parameters. We assigned 100 fixed values to parameters τ i spanning the range τ 1 = channel resolution to τ 100 = total acquisition time, distributed equally as log(τ), and recover the nonzero a i coefficients. This type of analysis results in a histogram of characteristic exponential decay times weighted according to their contribution to the fit.
